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In the development of lung damage induced by oxidative stress, it has been proposed that changes in alveolar 
macrophages (AM) function with modifications in cytokine production may contribute to altered repair processes. 
To characterize the changes in profiles of cytokine production by marophages exposed to oxidants, the effects of 
hyperoxia (95% 0,) on interleukin (IL)-l/?, IL-6, IL-8, and tumour necrosis factor-alpha (TNF-a) expression were 
studied. Experiments were first performed using AM obtained from control subjects and children with interstitial 
lung disease. Results showed that a 48 h 0, exposure was associated with two distinct patterns of response: a 
decrease in TNF-a, IL-lp and IL-6 expression, and an increase in IL-K To complete these observations we used 
U937 cells that were exposed for various durations to hyperoxia. We confirmed that a 48 h 0, exposure led to similar 
changes with a decrease in TNF-a, IL-l/? and IL-6 production and an increase in IL-8. Interestingly, this cytokine 
response was preceded during the first hours of 0, treatment by induction of TNF-a, IL-ID and IL-6. These data 
indicate that hyperoxia induces changes in the expression of macrophages inflammatory cytokines, and that these 
modifications appear to be influenced by the duration of 0, exposure. 
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Introduction 
Oxidant stress is implicated in a large variety of human 
diseases, and among all the organs, the lung appears to be 
a major target as, in addition to reactive oxygen (0,) 
species produced by inflammatory cells and drugs that 
concentrate in the pulmonary tissue, it is in direct con- 
tact with oxy-radicals from the external environment (1). 
Moreover, many forms of respiratory diseases require 0, 
therapy, which adds to the oxidant burden of the lung (2). 
The events associated with initiation and progression of 
acute lung parenchyma damage induced by 0, exposure 
have been extensively investigated. They include first an 
inflammation phase with accumulation of inflammatory 
cells and release of soluble mediators. It is believed that 
factors involved in this initial response play a critical role 
in the development of the subsequent destructive and 
proliferative phases, and therefore in the effectiveness of 
repair processes (3-5). 
Macrophages have been identified as central components 
of the acute inflammatory phase, and have been found 
essential for proper wound healing. Among the factors 
generated by macrophages are the immunoregulatory 
cytokines. Early response cytokines include interleukin-l/I 
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(IL-l/$ and tumour necrosis factor-alpha (TNF-a). These 
molecules can act on various cell types leading to the release 
of a secondary wave of cytokines, which includes IL-S and 
IL-6 (668). 
In response to oxidant injury, it is likely that changes in 
alveolar macrophage (AM) function with altered cytokine 
production may contribute to the development of lung 
damage. To test this hypothesis, the aim of the present 
study was to characterize the changes in the profiles of 
cytokine expression by macrophages exposed to hyperoxia. 
The choice of this form of oxidative stress was based on 
its clinical relevance. For this work, two sources of human 
macrophages were used: human alveolar macrophages from 
patients with inflammatory alveolar processes and from 
control subjects, and the human monocyte-macrophage 
cell line U937. 
Materials and Methods 
CELLS AND CELL CULTURE CONDITIONS 
Alveolar macrophages 
Bronchoalveolar lavage (BAL) fluids were obtained from 
10 children who underwent bronchoscopy (9). Informed 
parental consent was obtained in each case before the 
procedure, which was approved by the Human Experimen- 
tation Committee of Cochin University, Paris, France. 
BAL was performed during bronchoscopy under local 
anaesthesia using a volume of sterile normal saline instilled 
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equivalent to 1 ml kg - ’ body weight, as previously 
described (10). 
In five patients, BAL was performed during screening 
endoscopy in an evaluation of a stridor, or exploration of 
uveitis for suspicion of sarcoidosis. All these patients were 
retrospectively considered as free of lung disease. This was 
established based on the results of complete pulmonary 
investigations (clinical, biological, radiological and func- 
tional). The five other children were referred to the Pulmon- 
ary Department for exploration of interstitial lung disease. 
At the time of initial assessment they were without therapy, 
and they displayed significant alterations of lung function 
parameters and cellular populations of the BAL fluid, as 
previously described (9). Alterations in lung function 
included significant decrease in dynamic lung compliance 
(expressed as percent of predicted values for height- 
matched children: 51% f 18.5%). The cytological results 
of BAL fluid analysis were compared to published con- 
trol values (9). They showed an increase in lymphocyte 
population (29.8% f 6.6%). 
An aliquot of BAL cell preparation containing 5 x lo5 
cells was centrifuged at 300 g for 10 min at 4°C and the cell 
pellet was lysed in 500~1 of guanidium isothiocyanate 
solution (4111 guanidium isothiocyanate, 0.1 M Tris pH 7.5, 
0.5% N lauryl sarcosine, 1% P-mercaptoethanol) for RNA 
extraction. The remaining cells were washed twice in phos- 
phate’buffered saline (PBS), resuspended at a density of 
5 x lo5 cells ml- ’ in RPM1 1640 (Gibco, Grand Island, 
NY, U.S.A.) supplemented with 50 U of penicillin ml - ’ 
and 5Opg of streptomycin ml - ‘, and allowed to attach 
to 35-mm cell culture dishes at 37°C in 5% COZ. After a 
2 h incubation, the non-adherent cells were discarded by 
rinsing with culture media. We have previously shown that 
>95% of the adherent cells obtained by this procedure were 
macrophages (11). 
U93 7 cells 
U937 cells were obtained from American Type Culture 
Collection (Rockville, MD, U.S.A.) and were grown in 
RPM1 1640 (GIBCO, Grand Island, NY, U.S.A.) 
supplemented with 50 U of penicillin ml - ‘, 50 pg of strep- 
tomycin ml - ‘, and 10% fetal bovine serum (FBS). Differ- 
entiation was induced by treating the cells with 0.16~~~ 
phorbol-12-myristate-13-acetate (PMA) (Sigma, St Louis, 
MO, U.S.A.) for 48 h. Markers of differentiation associated 
changes included inhibition of cellular proliferation evalu- 
ated by cell number measurement using haemocytometer, 
morphological modifications assessed by light microscopi- 
cal examination, and expression of the monocytic surface 
antigen Leu M5 CDllc PE (Becton Dickinson, San Jose, 
CA, U.S.A.) analysed by indirect immunofluroescence 
using flow cytometry (12,13). In some experiments, cells 
were activated by bacterial lipopolysaccharide (LPS), 
(Escherichia coli serotype 0127:B8, Sigma, Detroit, MI, 
U.S.A.), (lOpug ml- ‘). 
0, treatment 
Cell plates were placed in humidified 0, chambers main- 
tained at 37”C, as previously described (14). The chambers 
were flushed at 5 1 for 10 min with a gas mixture composed 
of 95% 0, and 5% CO,. 0, concentration was monitored 
by an 0, sensor placed inside the chambers, and remained 
at the appropriate 0, concentration during the whole 
incubation period. Controls were cultured under 21% 0, 
and 5% CO,. 
For each protocol, three or four independent experiments 
were performed. The results of a representative experiment 
are shown. 
CYTOKINE mRNA EXPRESSION STUDIES 
AM studies 
RNA extraction and reverse transcription: RNA was 
extracted according to the method previously described (9). 
After addition of 10 pug of tRNA (10 mg ml - I, Boehringer 
Mannheim Biochemicals, Mannheim, Germany), the sus- 
pension was layered over 500 ~15.7.~ CsCl and centrifuged 
for 2.5 h at 280 000 g in a Beckman TL-100 ultracentrifuge 
(15). The RNA pellet was then extracted, resuspended 
in a volume of dH,O adjusted to the cell number (4~1 
for 0.5 x lo6 cells), and was reverse transcribed into 
complementary DNA (cDNA). 
AmpliJication of cDNAs by PCR and analysis: Five differ- 
ent cDNAs were amplified: cDNAs to p-actin (actin), 
IL-l/?, TNF-a, 11-6, and IL-8 (16). For IL-l& TNF-a, IL-6 
and actin the primers used were the same as previously 
described (9). For IL-8, the primers were: 5’-CTCTTG 
GCAGCCTTCCTGAT-3’ and 5’-aCTTCTCCACAAC 
CCTCTGC-3’. Amplification was carried out in a PCR 
thermocycler (Perkin Elmer-Cetus, Cetus Corp., CA, 
U.S.A.) with the following programme adapted to the 
primers used: denaturation at 92°C for 1 min, reannealing 
for 1 min at 55”C, and primer extension at 72°C for 2 min. 
Twenty-five cycles were used for actin amplification, and 
40 cycles for the others. These cycle numbers were estab- 
lished from preliminary experiments, so that amplifications 
remained within the expontential phase. A 30~1 aliquot of 
the polymerase chain reaction (PCR) reaction mixture was 
analysed on a 2% agarose gel and visualized by ethidium 
bromide staining. The various PCR products were scanned 
by laser densitometry to estimate band intensity, and IL-l, 
TNF-a, 11-6 and IL-8 values were indexed to actin values. 
U93 7 cells studies 
RNA extraction and Northern blotting: Total cellular 
RNA was isolated using the guanidium isothiocyanate 
procedure as previously described (17). Twenty-five pug of 
RNA were used for Northern blotting analysis, and the 
blou were hybridized to 32P-labelled probes. After auto- 
radiography, the relative intensity of bands was quantified 
by scanning densitometry using comparison with 18 S 
rRNA band intensity. 
Probes: The probes were generated by labelling plasmid 
inserts with a-32P-dCTP using random oligonucleotide 
priming (Amersham, U.K.). The TNF-a probe was a 
1.18 kb Pstl fragment of a human TNF-a cDNA (Dr Pitton, 
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Pasteur Institut, Paris, France). The IL-6 probe was a 
0.6 kb Eco-RI fragment of a human IL-6 cDNA (Dr 
Dehoux, Biochemistry Department, Hopital Bichat, Paris, 
France). For Il-lp and IL-& coding regions were amplified 
using human cDNA as template and the specific primers 
indicated above. The PCR products were cloned into the 
Eco-RI site of the plasmid bluescript (Stratagene Inc., La 
Jolla CA, U.S.A.), and were verified by DNA sequence 
analysis (Sequenase, United States Biochemical Corp. 
Cleveland, OH, U.S.A.). 
PROTEIN STUDIES 
Measurement of TNF-arelease 
TNF-a bioactivity was evaluated by L929 cell lysis, as 
described by Aggarwal and Kohr (18). L929 cells were 
grown to confluency in Earle 199 medium (Sigma, St Louis, 
MO, U.S.A.) supplemented with Bactopepton 05% (Difco, 
Detroit MI, U.S.A.) and glutamine 200 mM (Gibco). After 
washing they were cultured for an additional 18 h in the 
presence of 100~1 of serial dilutions of conditioned media 
from U937 cells, together with 2pg ml- ’ actinomycin D 
(Sigma). For establishment of standard curves, the condi- 
tioned media were replaced by known amounts of recom- 
binant TNF-a (Immugenex, LA, U.S.A.). At the end of 
incubation, cells were fixed and stained with 0.5% crystal 
violet in 2% ethanol. Absorbance was quantified at 570 nm 
on a plate reader (Behring, Germany). One unit of TNF 
activity was defined as the bioactivity that caused 50% lysis 
of L929 cells. TNF-n release was also measured by enzyme- 
linked immunosorbent assay (ELISA) using a commercially 
available kit (Kit Biotrak, Amersham, U.K.). The sensi- 
tivity of this assay is 4.8 pg ml- ‘. All samples were 
measured in duplicate. No significant cross-reactivity of 
interference were found. 
Measurements of IL-lp, IL-6, and IL-8 release 
IL-lp, IL-6, and IL-8 were measured by ELISA (Kit 
Biotrak, Amersham, U.K.). All samples were measured 
in duplicate. The sensitivity of the assays are: 3.9 pg ml ~ ’ 
for IL-l/?, 1 pg ml - ’ for IL-6; and 1.9 pg ml ~ ’ for IL-8. 
There is no cross-reactivity or interference for these 
measurements. 
STATISTICAL METHODS 
Results are reported as mean i S.E. Data were analysed 
using analysis of variance (ANOVA) followed, when adap- 
ted, by Mann-Whitney U-test for multiple comparisons. 
Significance is assigned for PcO.05. 
Results 
EFFECTS OF HYPEROXIA ON AM CYTOKINE 
EXPRESSION 
In patients with interstitial lung disease, analysis of 
cytokine mRNA in freshly isolated cells indicated the 
presence of transcripts for TNF-a, IL-ID and IL-8 in all of 
them, and for IL-6 in four subjects. Similar pattern of 
expression was found in the cellular extracts from cells 
cultured for 48 h under normoxia. Modifications of expres- 
sion were observed in hyperoxia conditions. This is illus- 
trated in Fig. 1: treatment of these AM by O2 for 48 h 
resulted in a decrease in TNF-a, IL-Ip and IL-6 mRNA 
expression and an increase in IL-8 mRNA levels. In the 
group of control subjects, no expression of TNF-n. IL-lp. 
IL-6 and IL-8 could be observed in freshly isolated BAL 
cells, as recently reported (9). When cells were allowed to 
adhere and were cultured for 48 h expression of IL-8 was 
induced. This induction of IL-8 upon cell adherence has 
been reported in several studies (19). Interestingly, the level 
of IL-8 expression was significantly higher in hyperoxic 
conditions when compared to normoxic conditions (data 
not shown). By contrast, no expression of either TNF-a, 
IL-lp, or IL-6 was induced in the 48 h culture conditions 
under normoxia as well as hyperoxia. 
EFFECT OF HYPEROXIA ON TNF-a, IL-@ AND 
IL-6 mRNA EXPRESSION IN U937 CELLS 
The experimental conditions included unstimulated cells and 
cells treated with PMA. As reported by others, after a 48 h 
culture in the presence of 0.16 pM PMA, loss of proliferative 
capacity was observed with no increase in cell number and 
this growth inhibition was associated with an increased 
expression of CD1 lc (data not shown). In some conditions, 
cells were treated with LPS which is known to increase 
inflammatory response. For all experiments, viability deter- 
mined by trypan blue dye exclusion was >90%. 
Results of the 24 h culture conditions are shown in Fig. 2. 
TNF-a mRNA was undetectable in unstimulated cells. 
PMA stimulation resulted in an induction of TNF-u 
mRNA. Addition of LPS led to different responses depend- 
ing on the conditions of culture: in cells under air, the level 
of TNF-a expression decreased, whereas in cells under O2 
stimulation with LPS was associated with an increase in 
TNF-a mRNA amounts. Studies of IL-III and IL-6 mRNA 
expression also showed undetectable expression in unstimu- 
lated cells, and a maximal induction of expression in cells 
treated with PMA and LPS. Under these conditions, a 24-h 
0, exposure was associated with a dramatic increase in the 
levels of both IL-lp and IL-6 mRNA. 
Results of the 48 h culture conditions are shown in Fig. 3. 
For the three cytokines, TNF-a, IL-lp and IL-6, no tran- 
scripts could be detected in unstimulated cells. Also for all 
of them, maximal induction was observed in cells cultured 
with PMA in the presence of LPS. Exposure of cells to 
hyperoxia resulted in similar TNF-n, IL-B and IL-6 
responses. Indeed. a significant decrease in the amounts of 
mRNA for these cytokines was documented in O2 treated 
cells when compared to cells under control conditions. 
EFFECT OF HYPEROXIA ON IL-S mRNA 
EXPRESSION IN U937 CELLS 
The levels of lL-8 mRNA expressed by unstimulated cells 
under either air or hyperoxia were extremely low and were 
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barely modified in cells cultured in the presence of PMA 
alone. Addition of LPS to PMA was followed by induction 
of IL-8 mRNA. Under these experimental conditions, 
exposure of cells to 0, was associated with a dramatic 
increase in the levels of IL-8 mRNA. This effect was already 
observed after only 24 h of culture under hyperoxia (Fig. 4). 
a 
EFFECTS OF HYPEROXIA ON TNF-a 
PRODUCTION BY U937 CELLS 
To determine whether changes in TNF-a mRNA levels was 
associated with similar modifications at the level of protein, 
amounts of TNF-a in the culture medium were evaluated. 
Conditional media were assayed for TNF-a release using 
ELISA. As measurable amounts of TNF-a could only be 
detected in the conditions where cells were cultured in the 
presence of PMA and LPS, results obtained under these 
experimental conditions are only shown in Fig. 5. Exposure 
to hyperoxia for 24 h was associated with a significant 
increase in the amount of TNF-a released in the culture 
medium. By contrast, when cells were exposed for 48 h to 
0, a decrease in the production of TNF-a was observed 
[Fig. 5(a)]. Similar changes in TNF-a activity were ob- 
served with initially an increased activity followed by a 
decrease when cells were exposed for 48 h under hyperoxia 
[Fig. 5(b)]. 
EFFECTS OF HYPEROXIA ON IL-@, IL&, AND 
IL-S PRODUCTION BY U937 CELLS 
Conditioned media from cells cultured under air or hyper- 
oxia were assayed for IL-l/?, IL-6 and IL-S release using 
ELISA. Results are presented in Fig. 5, with only the 
experimental conditions of treatment with PMA and LPS 
for the reasons indicated above. A slight decrease in the 
production of IL-ID could be documented in cells exposed 
to hyperoxia; however this decrease did not reach statistical 
significance. A significant reduction in the release of IL-6 
was observed in 0, treated cells. For IL-8, exposure of cells 
to hyperoxia was associated with an increased release in the 
culture medium. This effect was already present after only 
24 h of 0, exposure. 
Discussion 
Results reported here characterize the profile of cytokine 
response by macrophages exposed to hyperoxia. In the 
present work, we focused on the molecules known to play a 
central role in the initiation and progression of the inflam- 
matory phase which represents the early stage in the 
development of lung damage induced by oxy-radicals. 
These molecules include TNF-a, IL-l/?, IL-6 and IL-K Our 
data showed clearly two patterns of response. A decrease in 
the expression of TNF-a, IL-l/J, and IL-6 was observed. By 
FIG. 1. Effects of hyperoxia on AM cytokine expression 
from patients with interstitial lung disease. (a) Cytokine 
mRNA expression was evaluated using RT-PCR tech- 
niques in freshly isolated cells (l), in cultured cells for 
48 h under air (2) or hyperoxia (3), as described in 
Materials and Methods. (b) The histograms show a semi- 
quantitative representation of TNF-a, IL-l/3, IL-6, and 
IL-S expressions. The PCR products were scanned by 
laser densitometry, and TNF-a, IL-l/3, IL-6, and IL-8 
values were indexed to actin values. Values are the 
mean + SE* PC@05 vs air conditions. 
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FIG. 2. Effects of 24 h 0, exposure on TNF-a, IL-Ip, IL-6 mRNA expression in U937 cells. Total RNA was extracted 
from U937 cells under the following experimental conditions: undifferentiated cells in the absence (control) or presence of 
LPS (LPS), and differentiated cells with PMA in the absence (PMA) or presence of LPS (PMA+LPS). These sets of cells 
were cultured under air (lanes 14) or under hyperoxia (lanes 5-8) for 24 h. Expression of cytokine mRNA was analysed 
by Northern blotting using specific probes, as indicated in Materials and Methods. (a) Autoradiogram of the hybridiza- 
tion signals for TNF-a, IL-l/?, IL-6. A single transcript was detected after autoradiography for each probe. The sizes of 
the transcripts were respectively: 1.8 kb for TNF-a, 1.6 kb for IL-l/3, 1.3 kb for IL-6. Ethidium bromide staining of the gel 
is shown on (b). (c) The histograms show a quantitative representation of TNF-u, IL-l/?, IL-6 hybridizations obtained 
from laser densitometric analysis of three independent experiments. Results were expressed in arbitrary densitometric units 
after notmalization for RNA loading on the basis of hybridization to 18s rRNA. Values are the mean & SE *P<O.O5 vs air 
conditions. 
contrast, 0, exposure was constantly associated with an 
increase in IL-8 expression. 
Data obtained in this work provide new information on 
the inflammatory response of human alveolar macrophages 
exposed to hyperoxia. To evaluate the effects of hyperoxia 
on AM, AM from two groups of patients were investigated: 
a control group and a group of children with lung diseases 
associated with alveolar inflammatory processes. Because 
of the limited number of AM available in a paediatric 
population, we chose to analyse expression of TNF-a, 
IL- I/J’, IL-6 and IL-8 at the following time points: in freshly 
collected cells, and in cells after a 48 h culture under either 
0, or air. For the same reason expression was investigated 
at the level of mRNA using semiquantitative PCR tech- 
niques. Analysis of the results provides the following infor- 
mation. First, in agreement with a previous report, 
spontaneous expression of TNF-n, IL-l/$ IL-6 and IL-8 
was found in freshly isolated AM from patients with 
interstitial lung disease, whereas no expression of these 
cytokines could be observed in cells from control patients 
(9). In cells cultured under normoxia, there were no signifi- 
cant changes in the profile of cytokine response in those 
AM which already expressed TNF-a, IL-l/?, IL-6 and IL-S 
spontaneously. In control subjects only IL-S was induced 
by culture, as reported in other studies (19). When AM 
from patients with interstitial lung disease were exposed to 
hyperoxia for 48 h, changes in TNF-a, IL-lfi, IL-6, and 
IL-S gene expression were found with a decrease in TNF-a, 
IL-lp and IL-6 response associated with an up-regulation 
of IL-8 (Fig. 1). In AM from control subjects, expression 
of TNF-a, IL-1p and IL-6 remained undetectable in cells 
exposed to oxidants whereas the levels of IL-8 mRNA were 
increased when compared to the culture under normoxia. 
Interestingly, the data obtained in AM appeared to be 
similar to the results observed in differentiated U937 cells 
cultured under O2 for the same duration indicating that 
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FIG. 3. Effects of 48 h 0, exposure on TNF-a, IL-l/?, IL-6 mRNA expression in U937 cells. Total RNA was extracted 
from U937 cells under the following experimental conditions: undifferentiated cells in the absence (control) or presence of 
LPS (LPS), and differentiated cells with PMA in the absence (PMA) or presence of LPS (PMA+LPS). These sets of cells 
were cultured under air (lanes l&4) or under hyperoxia (lanes 5-8) for 48 h. Expression of cytokine mRNA was analysed 
by Northern blotting using specific probes, as indicated in Materials and Methods. (a) Autoradiogram of the hybridiza- 
tion signals for TNF-a, IL-l/$ IL-6. Ethidium bromide staining of the gel is shown on (b). (c) The histograms show a 
quantitative representation of TNF-a, IL-l/3, IL-6 hybridizations obtained from laser densitometric analysis of three 
independent experiments. Results were expressed in arbitrary densitometric units after normalization for RNA loading on 
the basis of hybridization to 18s rRNA. Values are the mean f SE. *P<O.O5 vs air conditions. 
these cells display functional responses to oxygen exposure 
which reproduce the responses of activated AM. U937 cell 
line has been characterized by several authors (20,21). It has 
been shown that uninduced U937 cells are arrested at an 
early stage of monocytic differentiation (22). Cell treatment 
with various inducers of differentiation such as PMA leads 
to growth arrest and appearance of specific cell surface 
markers linked to the phenotype of terminally differentiated 
monocytes (22). Furthermore, these differentiated U937 
cells, which display functional characteristics compatible 
with monocyte-lineage cells such as AM, can be activated 
upon stimulation by several factors including LPS (22). The 
similarities of cytokine response of activated AM and of 
differentiated U937 to a 48 h hyperoxia exposure were of 
great interest. Indeed, because of the limited number of AM 
available, it appeared reasonable to consider the U937 cell 
line as an useful cellular model for the characterization of 
functional modifications of human macrophages induced 
by hyperoxia. 
Therefore using the U937 cell line we addressed the 
following questions: does the cytokine response vary with 
the duration of 0, treatment and are the modifications at 
the protein levels similar to the mRNA changes? For these 
purposes, U937 cells were studied after exposure to hyper- 
oxia for 24 and 48 h. Analysis of TNF-a release from 0, 
treated cells revealed a transient increase in the first 24 h 
of hyperoxia (Figs 3 and 5). These data well fit in with 
the results presented by O’Brien-Ladner et al. (23). These 
authors have documented enhanced accumulation of 
TNF-a in the culture medium of LPS stimulated AM 
exposed to hyperoxia for 20 h and have found that addition 
of free radical scavenger resulted in a decrease in TNF-a 
release, strongly suggesting a role of oxy-radicals in this 
process. In several animal models, it has been shown that 
TNF-a and IL-l/3 treatment increased lung antioxidant 
enzymes which may contribute to survival to hyperoxia 
(24-27). This was further suggested by cellular experiments 
indicating that TNF-a and IL-lp were able to increase Mn 
superoxide dismutase and that this cytokine-mediated effect 
could be enhanced by IL-6 (24,28-30). These various 
studies together with our present data may suggest that 
when macrophages are exposed to high levels of 0, the 
initial inflammatory response leads to an increased expres- 
sion of several cytokines with release of molecules such as 
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FIG. 4. Effects of 0, on IL-8 mRNA expression in U937 cells. Total RNA was extracted from undifferentiated cells in the 
absence (control) or presence of LPS for 48 h (LPS), and in differentiated cells with PMA in the absence (PMA) or pres- 
ence of LPS (PMA+LPS) for 2448 h. These sets of cells were cultured under air (l-6) or under hyperoxia (7712) for 
2448 h. Expression of IL-8 mRNA was analysed by Northern blotting using specific probe, as indicated in Materials and 
Methods. (a) Autoradiogram of the hybridization signals for IL-8. A single transcript was detected after autoradiography 
for each probe. The size of the transcript was 2 kb. Ethidium bromide staining of the gel is shown on (b). (c) The histo- 
gram shows a quantitative representation of IL-8 hybridizations obtained from laser densitometric analysis of three inde- 
pendent experiments. Results were expressed in arbitrary densitometric units after normalization for RNA loading on the 
basis of hybridization to 18s rRNA. Values are the mean f S.E. *P<O.O5 vs air conditions. 
TNF-a molecules in an attempt to activate the antioxidant Deaton et al. on macrophages, as well as by DeForge et al. 
machinery (25-27). on epithelial cells (21,35). 
In addition, data reported here indicated that a longer 
hyperoxia exposure appeared to be associated with a 
decrease in TNF-a gene expression (Figs 3 and 5). These 
results share similarities with the findings of Sauty et al. 
(31)). These authors have observed that smoke exposure, 
which has been shown to alter macrophage functions 
through release of 0, radicals, was associated with a lower 
production of TNF-a by AM. Their observations are in 
agreement with other studies and suggest that prolonged 
exposure to oxidants leads to a decrease in AM TNF-a 
response (32,33). Study of the effect of 0, treatment 
revealed that changes in IL-lb and IL-6 mRNA expression 
were similar to the pattern of TNF-a modifications. These 
data may be compared to the results of cytokine production 
by AM exposed to smoke, and suggest that high levels of 
oxidants can lower macrophage IL-lp and IL-6 release 
(31,34). Interestingly, it is likely that the inhibitory effect 
of oxy-radicals on cytokine expression is not a common 
response. Indeed, we have documented throughout the 0, 
exposure duration an induction of IL-8 (Figs 4 and 5). 
These IL-8 data are in agreement with results reported by 
The present results also provide information on the levels 
at which expression of TNF-a, IL-lfi, IL-6 and IL-8 genes 
is controlled in macrophages exposed to hyperoxia. 
Data reported here suggest transcriptional as well as of 
post-transcriptional mechanisms. Involvement of post- 
transcriptional control is indicated by the results of IL-6 
showing during the first 24 h of 0, exposure an increase in 
IL-6 mRNA associated with a decrease in IL-6 release, and 
also by the some of the results of TNF-a, and IL-ID. A 
growing number of reports in the literature indicate that 
oxidants can alter gene expression through modifications of 
the redox stage of regulatory proteins involved in mRNA- 
protein interactions and whose binding activity is essential 
for the control of various steps including the transport, 
translation and degradation of mRNA (36,37). In addition 
to post-transcriptional control, mRNA and protein data 
presented here suggest that the mechanisms involved are, 
for a large part, transcriptional. These results would be in 
agreement with recent reports indicating that reactive 0, 
species may be widely involved in activation of transcrip- 
tion factors including NF-K-B or AP-1 and, therefore, in the 
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FIG. 5. Effects of hyperoxia on TNF-a, IL-lb, IL-6 and IL-8 release by U937 cells. U937 cells were cultured in the pres- 
ence of PMA and LPS for 24 h (lanes 1 and 2), or 48 h (lanes 3 and 4). Cells were exposed under air (lanes 1 and 3) or 
hyperoxia (lanes 2 and 4). The histograms show a quantitative representation of TNF-a analysed by ELISA (a) or by 
L929 cell lysis assay (b), and of IL-l/3, IL-6 and IL-8 analysed by ELISA, as indicated in Materials and Methods. Values 
are the mean f SE. *PC@04 vs. air conditions. 
control of binding of these factors to specific DNA cis- 
acting elements (3842). Experiments are currently being 
pursued to characterize these mechanisms of regulation. It 
is important to point out that these mechanisms are likely 
to vary depending on the form of oxidative stress, as 
recently discussed by Li et al., in their study of cell injury 
induced by hyperoxia and by H,O, (43). 
In conclusion, we have shown in this study that hyper- 
oxia exerts different effects on the cytokines involved in the 
initiation and amplification of the inflammatory response 
in human macrophages. In situations of prolonged 0, 
exposure, the decreased expression of TNF-a, IL-l/3, IL-6 
together with induction of IL-8 may contribute to the 
development of oxidative damage. Further studies are 
needed to understand how these distinct patterns of 
cytokine responses could modulate the expression of the 
factors involved in the repair processes. 
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